. At both but the three shrubs growing in the same environment sites, maximum leaf conductance was related to preshowed species-specific responses. dawn shoot water potential. The effects of water deficits during the summer drought were severe. Leaf Key words: Mediterranean shrubs, natural CO 2 springs, conductance and water potential recovered after stomatal conductance, stomatal density, water relations, major rainfalls in September to predrought values.
Introduction istance are consistent with the role of stomata in regulating plant water status. Considerable betweenEvergreen sclerophylls are regarded as one of the most species variation in sensitivity of water potentials and typical components of the Mediterranean-type vegetation stomatal characters to elevated [CO 2 ] were observed. (Specht, 1969; Kummerow, 1973;  Krause and Common to all the shrubs were a reduction in leaf Kummerow, 1977) . Due to the greenhouse gas-driven conductance and an increase in water potentials in predicted increase in mean global temperature at the response to elevated [CO 2 ]. Elevated [CO 2 ] decreased surface of the earth ( Kattenburg et al., 1996) and a the sensitivity of leaf conductance to vapour pressure concurrent decrease in precipitation at Mediterranean latitudes forecast by General Circulation Models, plant deficit. Morphological characters (including stomatal communities of Mediterranean-type ecosystems will have et al., 1985) , it is also possible that different sclerophylls may display similar physiological trends, in terms of field also to face more severe drought conditions in the future. ] and a large range of natural disturbances. The main hypothesis was exposed terrestrial ecosystems to elevated [CO 2 ] for centuries or even millennia (Miglietta et al., 1993) . The main that long-term differences in CO 2 availability between the high [CO 2 ] and a neighbouring control site would be benefit of natural CO 2 springs as research tools is the long history of elevated [CO 2 ] in an otherwise natural reflected in improved field water relations of plants close to CO 2 springs. environment (Miglietta and Raschi, 1993; Kö rner and Miglietta, 1994; Jones et al., 1995; Tognetti et al., 1996; Hättenschwiler et al., 1997) . Natural CO 2 springs have the potential to provide information concerning long-
Materials and methods term plant and ecosystem responses to concurrent elevated
Site description and plant material [CO 2 ] and varying environmental factors (in particular
Field measurements of xylem pressure potential and leaf seasonal water and temperature stress) (Amthor, 1995;  conductance were made through a whole year for E. arborea, Raschi et al., 1997) , without some of the disadvantages site has been described earlier (Panichi and Tongiorgi, 1975 Two to four fully developed leaves/shoots were measured on each plant on each sampling occasion. The standard leaf/shoot was defined as a sun-exposed, apparently healthy leaf/shoot. Leaves/shoots examined in consecutive measurement cycles were not necessarily the same. From October to April, recorded data were from previous spring leaves. Starting from May, g s was measured separately for both the current year's new fully expanded leaves and for older leaves. Leaf conductances of one-year-old leaves were only 5-10% below those of the current year's leaves in the spring then converged later, and the CO 2 environment did not affect this difference so that data were pooled. Each measurement was completed within 30 s and humidity inside the porometer chamber was kept near ambient values to minimize the effects on subsequent measurements. For each measurement, air temperature inside the cuvette, leaf temperature (thermocouple), relative humidity, and incoming photosynthetic photon flux density (PPFD) were recorded. Cuvette overheating was minimized by shading the cuvette between measurements. The natural inclination and azimuth of the leaves/shoots were maintained during the measurements. Changes in leaf conductance were considered to reflect changes in stomatal conductance, on the assumption that boundary layer conductance inside the cuvette was constant and large.
Daily courses of shoot y were determined using a pressure chamber (PMS-100, PMS Instruments Co., Corvallis, Oregon, USA) from predawn to sunset in parallel with the diurnal determinations of g s . Two to three terminal shoots per plant were chosen close to those on which g s had been measured. The absolute difference between minimum water potential (y m ), generally recorded at midday, and predawn water potential (y pd ) was termed Dy. Leaf-specific hydraulic resistance (R L ) on each of the plants sampled was calculated, following Ohm's law analogy, by dividing the average Dy by average E (Castell et al., 1994; Sala and Tenhunen, 1994) , assuming that y pd represents soil water potential in contact with the roots. The transpiration rate measured with the porometer does not equal that of plants in situ because of temperature and boundary layer disturbances. However, since values between treatments were compared, absolute values of E should be less important than relative et al., 1998b, 1999) . Maximum daily g s at light CO 2 spring site was observed ). Total precipitation for the period was 845 mm. saturation (g s max) was defined (for each species at each site) as the average hourly reading with the highest value of the day. Data from diurnal courses indicated that the time when the gravimetric measurements of soil moisture after drying in oven maximum daily light-saturated g s generally occurred was at 105°C. At both sites, shrubs of similar exposure were selected between 07.00 h and 09.00 h solar time. In this case, VPD was for each species. Measurements were made at about monthly estimated by measuring relative humidity and temperature with intervals on leaves in the upper or outer canopy so that they the porometer chamber held open next to the foliage. would be exposed to sunlight throughout most of the day.
Regressions of stomatal response to VPD were constructed by pooling values obtained from plants sampled at each site (each Field measurements of water potential and stomatal response data pair corresponding to individual leaves/twigs). Because the weather at this study site remained similar for several days at a time, it was possible to select days with clear Microscope observation and sclerophylly of leaves skies throughout to make diurnal measurements of leaf conductance ( g s ) and water potentials (y) on the three species. Observations were made on portions taken from the central area of fully expanded leaves collected in May (1998). Sampling Diurnal measurements (from dawn to dusk) of g s and transpiration (E ) were made using a null-balance steady-state porometer was carried out on 8-10 leaves from six plants per species from each of two sites. The leaf portions were fixed for about 24 h (Li-1600, Li-Cor Inc., Lincoln, Nebraska, USA) on six individuals per species from each of the two sites. A conifer in a 4% glutaraldehyde solution in 0.1 M phosphate buffer, rinsed in 0.1 M phosphate buffer, post-fixed in 2% osmium foliage cuvette was used for measurements on E. arborea and J. communis; foliage area (one side projection, hypostomatous tetraoxide solution in 0.1 M phosphate buffer for 1 h, dehydrated in increasing alcohol solutions, desiccated to the critical leaves) was computed from total mass by regression analysis. point in a Critical Point Dryer (CPD 030 Bal-Tec, Balzers, effects was conducted for all parameters except for those relative to the SEM analysis which were tested by one-way ANOVA Liechtenstein), sputter-coated with 20 nm of gold (measured by quartz thin-film monitor) and observed at 15 kV in a scanning with LSD test for mean separation. electron microscope (Philips SEM 515, The Netherlands). Slowscan images were digitized at a resolution of 768×576 pixels (256 grey levels) and analysed with AnalySIS 2.0 (Soft-Imaging
Results
Software GmbH, Germany).
Seasonal course of shoot water potential
Stomatal density (SD, number of stomata mm−2) of six fields per sample (500× magnification) and pore length were
The seasonal courses of y pd and y m (about midday) determined on the recorded digital images. Stomata overlapping showed a progressive drought development and indicated the margins were excluded. Dimensions (polar and equatorial ) of the stomatal apparatus were then used for calculating somewhat seasonal segregation by species (Fig. 2) .
the equivalent area of the ellipsoid according to
Generally, during the growing season, E. arborea showed (p×length×width)/4, representing stomatal apparatus dimen-
the lowest values in y while M. communis the highest, et al., 1995; Bartolini et al., 1997 ing and the period of maximum shoot elongation (spring bulked for each plant at each sampling date). The shoots were immediately transported (in black plastic bags) to the laboratory where they were oven-dried at 60°C to constant weight. The C isotope composition was measured on subsamples (about 1 mg) of leaves ground to a fine powder. The C isotope composition was measured by a dual inlet triple collector isotope ratio mass spectrometer (SIRA II, VG Isotech, Middlewich, UK ), operated in direct inlet continuous flow mode. Before analysis, the solid samples were combusted in a Dumas-combustion elemental analyser (Model EA 1500, Carlo Erba, Milano, Italy) and CO 2 was cryogenically purified. The C isotope discrimination (D) in foliage samples was calculated according to Farquhar et al. (Farquhar et al., 1989) from relative abundances of 13C and 12C expressed in terms of the conventional ‰ notation according to the relationships:
where R s and R b refer to the 13C/12C ratio in the sample and the Pee Dee Belemnite standard, respectively, d a is the d13C value for source atmospheric CO 2 (−0.0083 and −0.0089 the average at the control and CO 2 spring site, respectively; M Saurer personal communication), and d p is the d13C value for plant foliage. A system check of analysis was achieved with interspersed working standards of cellulose, atropine and urea (Sigma, St Louis, MO, USA). 
where a (−4.4‰) and b (−27‰) are constants representing fractionations due to diffusion in air and carboxylation of CO 2 in C 3 plants, respectively (Farquhar et al., 1989) . Field water relations of Mediterranean shrubs 1139 months). As drought progressed y m reached a minimum (between −3 and −4 MPa) in August. A consequence of the seasonal patterns in y pd and y m was that Dy showed two maxima before and following the summer peak of water stress. The absolute minimum was recorded during winter in all the species. The differences between predawn and midday water potentials were generally greater in E. arborea than other species, but in any case did not exceed 1.5 MPa.
The seasonal course in y pd and y m differed with CO 2 exposure. In the plants growing in the proximity of the CO 2 vent both y pd and y m were significantly higher than in those at the control site ( Table 1) , which implies that less water was withdrawn from the soil and/or the root system was deeper in plants at the CO 2 vent. Differences in y pd were more evident during the summer drought and at the beginning of recovery for E. arborea and M. communis (the interaction between sampling time and site had a P-level slightly above 0.05), while in J. communis the difference in the same period was generally less marked. The difference in y m was more pronounced. The effect of elevated [CO 2 ] on Dy was not evident.
Seasonal course of maximum leaf conductance
In all plants g s max decreased as the drought cycle progressed, reaching mid-summer values below 100 mmol m−2 s−1 (Fig. 3) , then after the first rainfall between species. Early growing season measurements showed M. communis with the highest g s max closely followed by E. arborea and then by J. communis with Differences between CO 2 vent and control sites were significant for all the three species ( Table 1) , with plants consistently lower values. The differences between J. communis and the other two species almost disappeared at the control site showing higher g s max than plants at the CO 2 vent. However, such differences were more at minimum values of g s max in mid-winter and midsummer.
evident during spring and fall, associated with relatively more humid periods. M. communis showed the most pronounced differences between sites while J. communis the least. As drought progressed the decrease in g s max was less abrupt in plants at the CO 2 vent and generally in J. communis, thus differences appeared to level off.
Diurnal courses of water potential and leaf conductance, and variation in leaf conductance with vapour pressure deficit
The diurnal range of y and g s were highest during spring and autumn and lowest during the summer drought for all species (Figs 4, 5) . Generally, diurnal y was highest for M. communis and g s was lowest for J. communis. Leaf conductance was generally relatively high in the morning and decreased gradually during the day. For the driest months of the year all species opened their stomata during the early morning hours and tended to close them for the remainder of the day. Leaf conductance was higher in when larger than symbols) indicate standard error of the mean (n=6 individuals). Species and VPD are referred to by symbols in the legend.
Site differences in y were less pronounced, in the opposite direction and again converging with increasing water stress. Estimates of the diurnal variation of the leaf range 0-1 kPa ( Fig. 6 ). During the growing season g s max conductance-water potential relationship showed large decreased with increasing VPD in plants both when grown hysteresis early in the growing season (data not shown).
and measured at ambient [CO 2 ] and when grown and Plants at the control site showed a steeper decline in the measured at elevated [CO 2 ]. The response, however, was relation between y and g s than CO 2 vent plants. steeper for control plants than for plants at the CO 2 vent Over the long term (data correspond to the whole site; site differences were also lower at very low values year), g s max increased in all species with VPD in the of VPD.
Seasonal course of leaf-specific hydraulic resistance
Leaf-specific hydraulic resistance was relatively high in early spring (Fig. 7) , and subsequently decreased in all species in late spring and early summer. An increase in R L occurred in late summer, coinciding with large reductions in g s , but never exceeding 3 MPa m2 s mmol−1. Seasonal course of R L differed between species, with J. communis showing generally the highest values and M. communis the lowest (steeper decline in the relation between y and g s in M. communis followed by E. arborea and J. communis, respectively). Site differences were not significant in J. communis, while control plants of M. communis and secondarily E. arborea showed consistently lower R L than CO 2 vent plants ( Table 1) .
Leaf and stomatal morphology
Stomatal apparatus characteristics differed among the species ( Table 2) . M. communis had many more stomata 
Stomatal density was strongly and negatively affected by
Field water relations of Mediterranean shrubs 1141 ( Table 2) . Differences between CO 2 spring and control plants were Seasonal and diurnal patterns of leaf conductance and xylem water potential of E. arborea, M. communis and J. evident in all the three species. In J. communis CO 2 spring communis were similar to those observed previously in Mediterranean sclerophyllous species (Nilsen et al., 1984; Gill and Mahall, 1986; Rhizopoulou and Mitrakos, 1990; Tenhunen et al., 1987) . Generally, each species exhibited a pronounced morning peak in leaf conductance. The partial closure afterwards coincided with increasing vapour pressure deficit and decreasing water potentials. Strong reductions in leaf conductance occurred when water potential approached the turgor loss point (water stress in summer), coinciding with large decreases in predawn water potential ( Tognetti, 1999) . The absence of marked diurnal changes in water potential during drought and the relatively fast response to new input of soil moisture (September) might indicate relatively shallow root systems in all these species (Gucci et al., 1997) . The comparison of water potentials during the dry season, however, suggests that M. communis must be restricted to relatively wetter areas than E. arborea and J. communis unless it has a deeper root system (Rhizopoulou and Mitrakos, 1990) . Generally, if stomata are exposed to increased [CO 2 ] aperture declines (Morison, 1993) . The effect of increased [CO 2 ] can be large or small and part of this variation in sensitivity may be a characteristic of particular species or perhaps particular functional groups (Bunce, 1992; Heath and Kerstiens, 1997) . The present study also indicated that stomatal conductance decreased under elevated [CO 2 ] and that the effect is not transitory but persists over the long-term and through plant generations, though even in the natural condition of a CO 2 spring environment such a response is not universal and may differ with the species and/or weather conditions (Jones et al., 1995; Bettarini et al., 1998; Tognetti et al., 1998b Tognetti et al., , 1999 . Maximum leaf conductance decreased in a similar fashion at both sites as soil moisture decreased. However, the reduction in stomatal conductance due to elevated [CO 2 ] is more evident at low vapour pressure deficit, that is during the early morning and relatively wet season (spring and autumn), while the stomatal sensitivity to vapour pressure deficit appears to be reduced under elevated [CO 2 ]. Indeed, the difference in maximum leaf conductance between sites decreased consistently at the peak of water stress in mid-summer when vapour pressure deficit was at its maximum and shoot water potential at its minimum. This observation was also partially true at very low vapour pressure deficit during the winter, when solar radiation and temperature limited stomatal functions. Similar results are reported for other woody species irrespective of the enrichment method (Roden and Ball, 1996; Will and Teskey, 1997; Heath, 1998; Tognetti et al., 1998b Tognetti et al., , 1999 . This species-specific modulated response makes predictions of the effects of elevated [CO 2 ] on stomatal conductance and water use difficult. It is possible to hypothesize, however, that the proportional effect of CO 2 enrichment on stomatal conductance becomes negli- Field water relations of Mediterranean shrubs 1143 Leaf-specific hydraulic resistance was generally high in have an impact on photosynthesis under long-term elevated [CO 2 ]. In general, CO 2 spring plants showed lower winter and early spring, possibly due to low soil temperature cooling of roots ( Teskey et al., 1978) and/or delayed maximum leaf conductance for a given value of leafspecific hydraulic resistance, thus suggesting that they growth of fine roots (Calkin and Pearcy, 1984) , and in mid-summer, because of changes in root water status. may more effectively avoid cavitation by means of stomatal control of water loss and/or through changes in Decreases of leaf-specific hydraulic resistance in the three shrubs coincided with periods of growth. Different the conducting tissue. Decreased conductance under elevated [CO 2 ] in M. responses were evident among the three species. J. communis had the highest leaf-specific hydraulic resistance communis was associated with changes in the anatomy of the leaves. The frequency of stomata after long-term values, which is consistent with the lower hydraulic conductivity of tracheids of this shrub compared to the exposure to elevated [CO 2 ] decreased in this species, according to the hypothesis of adaptive modifications of vessels of the other two species ( Tognetti, 1999) . M. communis had lower leaf-specific hydraulic resistance than stomatal number ( Woodward, 1987; Peñ uelas and Matamala, 1990) . On the other hand, in J. communis E. arborea particularly in mid-summer, which may reflect the different root distribution in soil layers. These results such a relationship was not evident and stomatal frequency was not affected by elevated [CO 2 ], even though show that stomata regulate leaf water status in coordination between soil water potential, hydraulic resistance and stomatal conductance declined, but to a lesser extent than in M. communis. Many experiments suggest only minor stomatal conductance.
Carbon isotope discrimination
Leaf-specific hydraulic resistance was higher in the CO 2 responses or no significant change to stomatal frequency even after long-term exposure to [CO 2 ] exceeding the spring than control plants of M. communis and secondarily E. arborea, irrespective of the predawn water potential, current ambient levels (Bettarini et al., 1998) . The increase in pore length, indicating pore size ( Wagner et al., 1996) , but this was not the case of J. communis. Higher leafspecific hydraulic resistance in plants growing at elevated in CO 2 spring plants (which was not expected) could contribute to counteract the reduced pore aperture.
[CO 2 ] could represent a response to the growth (and measurement) [CO 2 ] (Bunce and Ziska, 1998), reducing However, the physiological effects of stomatal frequency reduction did not seem to be offset by the concomitant leaf conductance and transpiration more consistently in increase of pore size in M. communis. The lack of a clear Provided that stomatal conductance of plants grown at the CO 2 spring site was significantly lower than in relationship among stomatal density, size and conductcontrol plants, an increased C isotope discrimination and ance was confirmed for J. communis. It has been shown d13C-derived c i /c a ratio, indicated that carboxylation that the differences in stomatal conductance between became even more restricted (relatively to diffusion [CO 2 ] treatments may be only due to aperture and not through stomata), and thus, significant downward adjustto stomatal frequency and/or geometry (Morison, 1998 Sage, 1996) . Contrasting results are reported in studies in the course of the year (Salleo and Lo Gullo, 1990) .
of historical reconstructions of past rates of CO 2 uptake J. communis had relatively higher d13C-derived water and water loss of leaves, with both increasing and decreasuse efficiency than M. communis and E. arborea, which ing intercellular [CO 2 ], or nearly constant c i /c a ratio may be related to its more xeric distribution ( Valentini ( Ehleringer and Cerling, 1995; Beerling, 1996) . Different et al., 1992) . Variations in stomatal conductance in climates in which the plants grow and/or differences in response to water availability or evaporative demand are the sensitivity of stomatal conductance and stomatal partly responsible for variations in C isotope discriminadensity (and hydraulic properties) to elevated [CO 2 ] may tion. However, in Mediterranean habitats (with summeraccount for such discrepancies. The down-regulated dry climates) high seasonal rainfall is not positively correlphotosynthetic rates might reduce the usually observed ated with atmospheric evaporative demand, and a relabenefit of increased water use efficiency associated with tionship between C isotope discrimination and measures growth in elevated [CO 2 ]. of water availability (summer or total annual precipita-
In conclusion, these shrubs appear to be limited in tion) may not be found.
their metabolic activity by the summer drought on the The C isotope composition measurements made in one hand or/and cool temperature on the other. Stomata leaves suggested a reduction of photosynthetic capacity of these shrubs continue to respond to elevated [CO 2 ] (down-regulation) in these shrubs under elevated [CO 2 ] after long-term exposure and may or may not display (Miglietta et al., 1998) . The depletion of 13C, as measured morphological and/or anatomical adjustments. Improved in the products of photosynthesis, is modulated by the drought-tolerating strategies may allow plants to endure rate at which CO 2 diffuses into the leaf and by the rate severe periodic drought. A low d13C-derived water use at which CO 2 is fixed by ribulose-1,5-bisphosphate carbefficiency might reflect overall improved water relations oxylase/oxygenase. Both the observed diurnal and sea-( less water was withdrawn from the soil and/or deeper sonal responses of leaf conductance might be expected to root systems) in E. arborea, M. communis and J. communis increase instantaneous water use efficiency in plants at under elevated [CO 2 ], which showed higher field water the CO 2 spring site, and also the potential for considerably potential and turgor pressure (Tognetti, 1999) . The greater C gain over the year (Chaves et al., 1995;  Jones species-specific response of co-occuring shrubs and trees et al., 1995; Johnson et al., 1997; Tognetti et al., 1998a) . may result in compensatory regulation of gas exchange, thus minimizing interspecific variation, but also in altered However, the limited response of stomatal conductance community composition on a larger scale in the during drought between control and CO 2 spring plants Mediterranean environment. might be accompanied by reduced differences in photosynthesis during summer. The cost for a higher C gain during summer could be a general reduction in water use effici-
